The effectiveness of starter or band application of fertilizers may improve the response to in-season fertilizer application. This technique reduces fertilizer costs and minimizes environmental risks through decreased nutrient stratification, reduced nutrient emissions to surface water, ground water, and the atmosphere. This paper presents the results of a 3-yr study investigating the effects of a micro-granulated starter fertilizer (MSF) applied in the seed zone on the autumn growth, overwintering success, and biomass yield of winter oilseed rape (Brassica napus L.). The study was performed at the Agricultural Experiment Station in Bałcyny (northeastern Poland) from 2012 to 2015. The MSF did not compromise seedling emergence, it increased the dry matter (DM) content of rosette leaves by 15 to 24% (without influencing taproot length or weight) in autumn, and contributed to a 6% increase in the overwintering success of oilseed rape. The MSF increased seed yield (by 0.26-0.44 Mg ha -1 ), lowered the harvest index (from 0.401 to 0.380) and decreased root biomass yield (by 0.51-0.69 Mg ha -1 ). The use of the MSF reduced or even eliminated the need for conventional pre-sowing NPK fertilizer without exerting adverse effects on the overwintering success or the yield of winter oilseed rape. The application of the MSF during sowing reduces fertilization costs and minimizes environmental hazards.
B
roadcasting is the most popular method of applying granular fertilizers. Fertilizers are applied to the uppermost soil layer which dries up during drought, thus decreasing the availability of nutrients for crops. Nutrient deficiencies inhibit growth, in particular in the early stages of development in annual plants, which cannot always be rectified even when optimal rates of fertilizer are applied in successive stages of growth (Nkebiwe et al., 2016) . Fertilizers can be applied in bands, directly in the seed zone or in between seed rows, to provide roots with easy access to nutrients (Valluru et al., 2010) . This method of fertilizer placement is known as starter or band application (Nosalewicz, 2013) .
Traditional broadcasting of fertilizers leads to the stratification of nutrients (Yin and Vyn, 2004) . When fertilizer is not incorporated into the soil, nutrients may be released to the atmosphere (NH 3 , N 2 O, NO x and N 2 ) or leached to surface water and/or ground water (NO 3 , HPO 4 2-/H2PO 4 -) (Fan et al., 2012) . In starter application, fertilizer is placed near seeds or roots, which improves nutrient uptake by crops, increases nutrient content in plant biomass and increases biomass yield in comparison with the broadcasting method. According to Nkebiwe et al. (2016) , starter fertilizers improve crop performance by (i) providing roots with easy access to nutrients, (ii) stimulating root growth, (iii) inducing favorable changes in the chemical (Jing et al., 2012) and biological properties of the rhizosphere (Marschner, 2012) , and (iv) minimizing nutrient loss to the environment (Dell et al., 2011) . Subsurface (deep) fertilization also alleviates the adverse effects of extreme weather, such as high temperature, drought, and high precipitation, on nutrient availability (Parry et al., 2004) .
Effective fertilization is particularly important in the cultivation of crops that have high nutrient requirements. Oilseed rape is a one of such crops. The macronutrient requirements of oilseed rape per 1 Mg of seed and straw yield has been determined to be 50 to 73 kg N, 9 to 20 kg P, 33 to 89 kg K, 4 to 11 kg Mg and 14 to 20 kg S (Grzebisz, 2011) . Oilseed rape is the second most important oilseed crop in the world, and rapeseed meal is the second major source of protein for animal rations (FAOSTAT, 2018) . Successful winter oilseed rape production creates diversity and provides producers with crop rotation alternatives.
Micro-Granulated Starter Fertilizer Effects on Growth and Productivity of Winter Oilseed Rape
Unlike continuous wheat (Triticum aestivum L.) production, the incorporation of rapeseed into crop rotations with wheat delivers economic benefits and breaks weed and pest cycles (Bushong et al., 2012; Abit et al., 2016) . In the last three economic seasons (2014) (2015) (2016) , global oilseed production reached 69-74 Tg ha -1 . The leading producers of oilseed rape are Europe (36% of the global output) and North America (27%) (FAOSTAT, 2018) . Winter varieties are cultivated mainly in Europe, whereas spring varieties are predominant in North America. Despite many advantages, mostly high productivity (approximately 60% higher relative to spring varieties) (Jankowski et al., 2015) related to high nutrient utilization efficiency (Sieling and Kage, 2010) , winter oilseed rape cannot be cultivated in certain regions due to overwintering problems (Waalen et al., 2014) . Crop growth status is one of the factors that influence the resistance of winter oilseed rape to adverse environmental conditions in winter (Velička et al., 2012) . During autumn growth, winter oilseed plants should develop six to eight leaves, to accumulate phospholipids and protect plants against dehydration caused by low winter temperatures (Christen and Friedt, 2007) , as well as a thick root collar which accumulates soluble carbohydrates that increase frost resistance and accelerate spring growth (Budzyński, 2010) . The autumn growth of winter oilseed plants is influenced by climate and nutrient availability (Su et al., 2015) . High availability of P, K, Mg, and N in autumn supports the development of rosettes with shoot and flower primordia-the generative organs that determine future seed yields (Grzebisz, 2011) . During autumn growth, the main role of N is to promote optimal rosette habit, and N content in the dry mass of rosettes should reach 4 to 5% before winter. Nitrogen deficiency or the plant's inability to take up N contribute to the formation of small rosettes, less effective frost hardening and slower spring growth (Budzyński, 2010) . During the rosette growth stage, P is accumulated mainly in the leaves, and its concentration in generative organs and seeds increases in successive stages of growth. Phosphorus deficiency in autumn disrupts the development of rosettes and leads to the formation of rosettes with small leaf blades. Low K levels induce changes in the chemical composition of rosettes, which compromises resistance to frost (Budzyński, 2010) . The application of starter fertilizers and the placement of available nutrients in the seed zone promotes the growth of rosette leaves (Su et al., 2015; Abit et al., 2016) , DM accumulation in rosettes (Wilkins et al., 2002; Su et al., 2015) , increases taproot length and its DM content (Su et al., 2015) . These treatments can increase the overwintering success of winter oilseed rape by up to 49% (Wilkins et al., 2002) . It should also be noted that healthy root growth requires adequate N and P content in the soil solution (Grzebisz, 2008) , which is why these elements are the main components of starter fertilizers. Phosphorus uptake by plants is determined by the P gradient between the soil solution and the semi-permeable membranes of root cells (Kruczek and Szulc, 2006) . Phosphorus is characterized by low mobility in the soil, and it is most readily absorbed by roots when P ions are distributed in the direct proximity of root hairs. For this reason, P fertilizers should be placed near seeds to promote the growth of a strong root system. Nitrogen is mobile in soil, but starter fertilizers prevent N deficiency in environments where this element is slowly released from organic matter. Ammonium nitrate (N-NH 4 ), the most common form of N in starter fertilizers, increases P uptake from the soil and the applied fertilizer (Brady, 1990; Welbaum, 2015) . It should also be noted that N-NO 3 can injure or even completely damage winter oilseed rape seedlings by increasing root zone salinity (Abit et al., 2016) . Highly effective starter N fertilizers applied in the root zone can also promote excessive autumn growth, thus compromising the overwintering success of crop plants (Abit et al., 2016; Velička et al., 2012) . Grant et al. (2011) demonstrated that fertilizer application in the seed zone at 200 kg N ha -1 decreased the seed yield of winter oilseed rape in eastern Canada. The crop's response to localized fertilizer placement was influenced by soil compaction. In clay loam, the seed yield of winter oilseed rape decreased when the rate of the starter fertilizer exceeded 150 kg N ha -1 , whereas in fine sandy loam, the yield decreased already at fertilizer rates higher than 75 kg N ha -1 (Grant et al., 2011) . Polish starter fertilizers for winter oilseed rape also contain Zn and S. Zinc controls N metabolism, increases crop resistance to early autumn frosts and stimulates root development. Sulfur increases tolerance to biotic (pathogens) and abiotic (mostly thermal) stress, and it is also responsible for N metabolism (Grzebisz, 2008) .
The prices of N and P fertilizers and the resulting crops and agricultural products will continue to increase due to the high energy requirements of ammonia synthesis (Michalsky and Pfromm, 2012) and the steady decrease in the quantity and quality of phosphate rock reserves (Cordell et al., 2009 ). These challenges call for new methods of increasing the effectiveness of N and P fertilizers.
The objective of this study was to determine the effect of a MSF applied with the seeds of winter oilseed rape on autumn growth (number of rosette leaves, average root crown diameter, height of the shoot apical meristem, rosette weight, taproot length, and weight), overwintering, yield-forming traits (plants m -2 , siliques plant -1 , seeds silique -1 , 1000-seed weight), biomass yield (seeds, straw and roots), and the harvest index (HI).
MATeRIALs AnD MeTHODs

experimental site
The experiment was conducted from 2012 to 2015 at the Agricultural Experiment Station in Bałcyny (53°35'46.4" N, 19°51'19. 5" E, elevation of 137 m) in northeastern Poland. The station is owned by the University of Warmia and Mazury in Olsztyn. The experiment involved the following autumn fertilization treatments in kg ha -1 : (i) 30 N, 35 P, 100 K (NPK); (ii) 30 N, 35 P, 100 K + 25 micro-granulated starter fertilizer (NPK+MSF); (iii) 15 N, 17.5 P, 50 K + 25 MSF (1/2 NPK + MSF), (iv) only 25 MSF. The NPK fertilizers were applied 3 to 4 d before sowing (DAS) and were mechanically incorporated into the soil to a depth of 5 to 8 cm. Nitrogen was applied in the form of ammonium nitrate (34% N), P was applied as enriched superphosphate (17% P), and K-as potash salt (60% K). The Physiostart (Timac AGRO S.A.S., Saint Malo, France) microgranulated starter fertilizer with a granule diameter of 0.6 to 0.8 mm contained 8% N (N-NO 3 only), 12% P, 10% Ca, 9% S, and 2% Zn. Micro-granulated starter fertilizer applied at 25 kg ha -1 supplied (kg ha -1 ) 2 N, 3 P, 2.5 Ca, 2.25 S, and 0.5 Zn. It was distributed with the use of a precision seeder equipped with a fertilizer applicator. The fertilizer was placed in the immediate vicinity of the sown seeds.
In spring, all treatments were fertilized with 220 kg N ha -1 in two applications: 120 kg N ha -1 in the form of ammonium nitrate (34% N) and ammonium sulfate (21% N and 24% S) at the beginning of the growing season, and 100 kg N ha -1 in the form of ammonium nitrate (34% N) at the beginning of bud formation. 45 kg S ha -1 was applied with the first rate of N (ammonium sulfate, 21% N and 24% S).
experimental Design and crop Management
The experiment was a randomized complete block design with three replications. Plot size was 25.2 m 2 (3.5 by 7.2 m). Each year, the experiment was established on Haplic Luvisol originating from boulder clay (IUSS Working Group WRB, 2006) . The content of C org , plant-available P, K, Mg, Table 1 ). The content of N-NH 4 in the soil was determined colorimetrically with Nessler's reagent, and N-NO 3 levels were determined colorimetrically with phenoldisulfonic acid (Shimadzu UV-1201V spectrophotometer). Soil organic C was determined using the Kurmies' modified method (Shimadzu UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan). Soil pH was measured using a digital pH meter with temperature compensation (20°C) in deionized water and 1 mol dm -3 KCl at a 5:1 ratio. Plant-available P and K were measured by the Egner-Riehm method (using 3.5 mol ammonium lactate acetic acid buffered to pH = 3.75 as the extracting solution). Phosphorus was determined by the vanadium molybdate yellow colorimetric method (Shimadzu UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan), and K was determined by atomic emission spectrometry (AES) (BWB Technologies UK Ltd. Flame Photometers). Magnesium was extracted with 0.01 M CaCl 2 and determined by atomic absorption spectrophotometry (AAS) (AAS1N, Carl Zeiss Jena, Germany). Micronutrients (Cu, Zn, and Mn) were extracted with 1 M HCl and determined by AAS (AA-6800, Shimadzu Corporation, Kyoto, Japan) after extraction in 1 mol dm -3 HCl. The content of 2 4 SO − was determined by nephelometry after extraction in acetate buffer (Shimadzu UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto, Japan).
In each year of the study, the preceding crop was winter triticale (×Triticosecale Wittm. ex A. Camus.). Winter rapeseed hybrid cultivar SY Kolumb (canola type) was sown between 17 and 20 August at 33 pure live seeds m -2 and inter-row spacing of 45 cm. A growth regulator (37.5
were applied at the four to six leaf stage. Weeds were controlled with 832.5 g ha -1 metazachlor [2-chloro-N-(2,6-dimethylphenyl)-N-(1H-pyrazol-1-ylmethyl)acetamide] and 207.5 g ha -1 quinmerac (7-chloro-3-methyl-8-quinolinecarboxylic acid) after sowing. The following insecticides were applied four times in spring: the organophosphate insecticide chlorpyrifos [diethoxy-thioxo-[(3,5,6-trichloro-2-pyridyl 
at 12 g ha -1 (for controlling the pollen beetle [Meligethes aeneus F.]). Pathogens were controlled with dimoxystrobin ((E)-2-(2,5-dimethylphenoxymethyl)-α-methoxyimino-Nmethylphenylacetamide) at 100 g ha -1 and boscalid [2-Chloro-N-(4'-chloro-2-biphenylyl)nicotinamide] at 100 g ha -1 at the flowering declining stage (BBCH 65) [for managing stem rot caused by the fungal pathogen Sclerotinia sclerotiorum (Lib.) de Bary]. Winter oilseed rape was harvested at physiological maturity (BBCH 89) with a small-plot harvester (mid-July).
Plant Analysis
Plant density was determined on three occasions (after emergence, before the end of the growing season in autumn, and at the beginning of the growing season in spring) at five sites in each plot. The overwintering success was calculated with the use of the equation below: The main morphological features of winter oilseed rape rosettes (number of rosette leaves, height of the shoot apical meristem, average root crown diameter, taproot length) were determined before the end of the growing season (75 d after sowing [DAS] during the seedling stage in Year 1, 81 DAS in Year 2, and 90 DAS in Year 3) in a random sample of 20 plants from each treatment. The sampled plants (aerial rosette parts and roots) were dried at a temperature of 70°C for 72 h (Binder drying oven, Binder Ltd., Tuttlingen, Germany) to determine their DM content. The biomass of rosette leaves and roots produced in autumn (75-90 DAS) was determined by multiplying the number of plants per m 2 by the weight of a single rosette and roots. The biomass yield (332 DAS in Year 1, 318 DAS in Year 2, and 322 DAS in Year 3) from each plot was determined by weight after threshing, and it was converted to 87% DM (seed) and expressed on a DM basis (straw). The major yield components were measured immediately before harvest: plants m -2 , siliques plant -1 , seeds silique -1 , and 1000-seed weight on a 87% DM basis. The HI was calculated with the use of the below equation:
Seed yield (Mg DM ha ) HI = Seed and straw yield (Mg DM ha )
Root weight was determined immediately after harvest (318-332 DAS) at three random points in each plot. Soil was sampled with a steel cylinder measuring 22.57 cm in diameter and 30 cm in length. Soil and root samples were rinsed with water in a 1 mm mesh sieve. The DM content of roots was determined by drying at a temperature of 70°C for 72 h (Binder drying oven, Binder Ltd., Tuttlingen, Germany). The weight of harvested roots was expressed per 1 ha.
statistical Analysis
Data were analyzed by mixed model ANOVA, and treatment means were compared with Duncan's test at a probability level of 0.05 using Statistica 13 PL (TIBCO Software Inc., 2017). Autumn fertilization was the fixed effect, and years and replications were the random effects. The P values of fixed effect tests in ANOVA are presented in Tables 2 and 3 .
ResULTs weather conditions
Weather conditions in the experimental years are presented in Fig. 1 . In all seasons of the study, mean daily temperatures between autumn (from sowing to the end of autumn growth) and spring (from the beginning of the growing season to harvest) approximated the long-term average . The mean temperatures recorded during winter dormancy (December-March) and in the growing season (April-July) differed from the long-term average. In Year 1, the mean daily temperature during winter dormancy was 2.1°C (December), 0.9°C (January), and 5.2°C (March) lower than the long-term average. In the remaining years of the study, the mean daily temperature during winter dormancy exceeded the long-term average by 0.2 to 4.6°C (Year 2) and 0.5 to 2.8°C (Year 3). The temperatures recorded during the spring-summer growing seasons also differed across the experimental years. In Years 1 and 2 of the study, mean daily temperatures were higher than the long-term average, in particular in May and June. In Year 3, mean daily temperatures approximated the long-term average (Fig. 1) .
Total precipitation reached 495 mm in Year 1, 399 mm in Year 2, and only 293 mm in Year 3 (Fig. 1) . Long-term average precipitation (1981 Long-term average precipitation ( -2010 during the growing season was 514 mm.
Autumn Growth and Overwintering
The application of MSF with seeds did not induce significant differences in the emergence of winter oilseed rape (24.1-25.6 plants m -2 ). In autumn, the biomass yield of the studied crops (rosette and roots) ranged from 0.83 Mg ha -1 DM (Year 3) to 1.45 (Year 2) and 1.84 Mg ha -1 DM (Year 1). In Years 2 and 1 of the study, biomass yield was higher because the analyzed plants produced rosettes with thicker root crowns (by 1.7 and 2.3 mm, respectively) and longer epicotyls (by 0.7 and 1.3 cm, respectively) than in Year 3. The mode of fertilizer application in autumn did not induce significant differences in the yield of autumn biomass. However, in individual plants, the DM content of aerial rosette parts was higher in response to MSF, regardless of the NPK rate. The application of MSF also increased the overwintering success of winter oilseed rape (by approximately 6%) (Table 4) .
Excluding Year 3 of the study, significant changes in the size and weight of winter oilseed rape plants were not observed before winter (Table 4) when the pre-sowing NPK rate was reduced by half or abandoned. In Year 3, the number of rosette leaves and taproot length and weight were reduced when the NPK fertilizer was applied at half the rate or was replaced with MSF ( Fig. 2) .
seed Yield, straw Yield, and Root biomass
The yield of winter oilseed rape biomass (seeds, straw, roots) was highest in Years 1 and 2 of the study. Adverse weather conditions in the Year 3 reduced the productivity of winter oilseed rape by lowering seed yield by 28%, straw yield by 29%, and root yield by 37%. In Year 3, the decrease in seed yield resulted mainly from lower plant density and lower 1000-seed weight (Table 5) .
The highest seed yield (6.04-6.22 Mg ha -1 ) was noted in response to MSF, regardless of the NPK rate. In the treatments without MSF (with a full rate of NPK applied before sowing), seed yield was reduced by around 0.26 to 0.44 Mg ha -1 . On average, seed yield determined based on the number of seeds per silique was considerably lower in the treatments without MSF than in the treatments without NPK in all years of the study (2012) (2013) (2014) (2015) . The seed yield in the treatments without NPK and in the treatments with half the standard NPK rate was lower than the seed yield in the treatments without MSF only in Year 3 (Fig. 3) .
Straw yield was highest (8.01 Mg ha -1 ) in response to a standard rate of NPK applied before sowing, combined with MSF (NPK+MSF). In the treatments with half the standard NPK rate and in the treatments without NPK (with MSF), straw yield was reduced by 6 to 7% (0.45-0.59 Mg ha -1 ). A significantly greater decrease in straw yield (up to 1.22 Mg ha -1 ) was noted in the treatments without MSF, irrespective of the NPK rate. The application of MSF (regardless of the NPK rate) induced a significantly greater increase in straw yield than in seed yield. The application of MSF during the autumn growth season lowered the harvest index. The root biomass yield of winter oilseed rape was highest (2.42 Mg ha -1 ) in treatments with a standard rate of NPK applied before sowing (without MSF). The application of MSF, regardless of the NPK rate, lowered root yield by 0.51 to 0.69 Mg ha -1 (approximately 21-29%) (Table 5) .
DIscUssIOn
Autumn Growth
Localized (starter) fertilization can strongly increase salinity levels in the seed zone, thus inhibiting the germination capacity of seeds and leading to uneven emergence and a thinner stand (Abit et al., 2016) . Starter fertilizer rates are determined by the salt index, distance between seeds and the fertilizer, as well as the structure and chemical composition of soil, in particular soil moisture content. Salt stress is minimized or eliminated when soil moisture levels are adequate during and immediately after sowing (Michalski and Kowalik, 2007) . In a study by Abit et al. (2016) , the application of diammonium phosphate (DAP, 18% N, 20% P) with the seeds of winter oilseed rape reduced plant density by 25 to 35% (17-34 kg ha -1 DAP) to even 45 to 71% (51-67 kg ha -1 DAP) in comparison with unfertilized treatments. In our study, MSF did not compromise the emergence of winter oilseed rape seedlings. The absence of phytotoxic effects of MSF could be attributed to the relatively low load of nutrients applied with seeds at sowing. In the study by Abit et al. (2016) , N and P loads reached 3 and 3.5 kg ha -1 , respectively, when DAP was applied at 17 kg ha -1 , and they reached 14 and 14 kg, respectively, when DAP was applied at 61 kg ha -1 . In our study, MSF applied at 25 kg ha -1 supplied 2 kg N ha -1 , 3 kg P ha -1 , 2.5 kg Ca ha -1 , and 2.25 kg S ha -1 to the soil. Seedling emergence could have been strongly inhibited not only due to the chemical properties of DAP and its high nutrient load, but primarily due to its application to soil with a very low pH. The inhibitory effects of the evaluated fertilizer were particularly strong in the area of Perkins (Oklahoma) where winter oilseed rape was grown on soil with pH 4.5 (Abit et al., 2016) . In our study, winter oilseed rape was grown on soil with pH 5.5 to 6.4 (Table 1) .
The overwintering success of winter oilseed rape is correlated with rosette habit in autumn. According to Jankowski (2007) , the height of the shoot apical meristem was the key determinant of the overwintering success of winter oilseed rape in northeastern Poland. Rosette parameters that were less (but significantly) correlated with overwintering success were the number of rosette leaves, taproot length and biomass yield. There is evidence to indicate that oilseed rape overwinters well in northern latitudes at the six to eight leaf stage if the apical bud is differentiated but does not exceed 30 mm, and the root column diameter is 8 to 10 mm (Jankowski, 2007; Grzebisz, 2008; Velička, 2012) . In the study by Abit et al. (2016) , the application of starter fertilizer in the seed zone intensified the development of the aboveground parts of winter oilseed rape plants measured by the normalized difference vegetation index (NDVI). Starter fertilizer increased NDVI values (in the vegetative stage prior to bolting-stem elongation) to 34 (Lahoma, OK) and 81 kg ha -1 DAP (Perkins, Fig. 2 . The influence of autumn fertilization on the number of rosette leaves, taproot length, and the weight of the root system in winter oilseed rape plants in autumn (year × fertilization interaction). 0.389 0.388 0.393 0.401a 0.380c 0.387bc 0.392ab † NPK: 30 kg N ha -1 , 35 kg P ha -1 , 100 kg K ha -1 ; NPK + micro-granulated starter fertilizer (MSF): 30 kg N ha -1 , 35 kg P ha -1 , 100 kg K ha -1 + 25 kg ha -1 MSF; 1/2 NPK + MSF: 15 kg N ha -1 , 17.5 kg P ha -1 , 50 kg K ha -1 + 25 kg ha -1 MSF; MSF: 25 kg ha -1 MSF. ‡ Means with the same letters do not differ significantly at P ≤ 0.05 in Duncan's test. § DM, dry matter. OK). A study conducted in central China (subtropical monsoon climate) also revealed that localized fertilization promoted the growth of winter oilseed rape (76 DAS) (Su et al., 2015) . Fertilizers (urea, calcium superphosphate, potassium chloride) distributed in the seed zone at a depth of 10 to 15 cm at sowing increased taproot length (by 17-35%), root DM content (by 29-49%), the number of rosette leaves (by 13-19%) and shoot DM content (by 35-81%) (76 DAS) (Su et al., 2015) . In the present study conducted in northeastern Poland (cold temperate climate), MSF stimulated the growth of aerial rosette parts (longer epicotyl, thicker root crown, higher DM content of rosettes) during autumn growth (75-90 DAS), but did not affect the length or weight of the taproot, regardless of the NPK rate. The application of MSF significantly increased the overwintering success of winter oilseed rape (by approximately 6%). In a study performed in northwestern United States (Oregon), Wilkins et al. (2002) demonstrated that starter fertilizer improved the overwintering success of canola plants. The placement of NPS starter fertilizer under the seeds produced the best effects and completely eliminated winter plant losses. When starter fertilizer and seeds were applied at the same depth, overwintering success was reduced to 86%, and when starter fertilizer was abandoned, overwintering success decreased to 37%. Starter fertilizers increased the DM content of individual rosettes (0.29 to 0.49 g) threefold to fivefold, in comparison with the control (no starter fertilizer) treatment. Similar results were noted in our study.
seed Yield, straw Yield, and Root biomass Nkebiwe et al. (2016) performed a meta-analysis (1022 datasets from 40 field studies published in with the use of the baseline contrasts method to compare the relative effects of fertilizer placement (experimental treatment) to fertilizer broadcasting (control) and observed that localized fertilization with urea and soluble P and with ammonia and soluble P can increase crop yields (cereals, oilseed crops, pulses, maize [Zea mays L.], potato [Solanum tuberosum L.] and sugar beets [Beta vulgaris L.]) by 15 and 27%, respectively. In a study conducted in southwestern Canada by Karamanos et al. (2002) , the application of P in the seed row increased canola seed yield by around 6% relative to surface fertilization. Wilkins et al. (2002) also reported a 39% increase in winter canola yield in response to NPS starter fertilizer in comparison with the treatments where the fertilizer was broadcast on the surface. In central Canada, Johnston et al. (2002) observed no significant differences between treatments with different methods of fertilizer application (surface, seed row, and side-band). In an experiment conducted by Su et al. (2015) , the seed yield of winter oilseed rape increased by 55 and 24% in response to fertilizer application at a depth of 10 cm in 2010/2011 and 2011/2012, respectively. The observed increase in seed yield was associated with an increase in taproot length induced by localized fertilization relative to fertilizer broadcasting. A significant increase in the dry weight of taproot was reported when fertilizer was applied under the soil surface. The taproot is an important sink organ in winter oilseed rape. Adequate taproot reserves in winter accelerate seedling emergence in spring (Rathke et al., 2006) . In the present study, the MSF applied before sowing increased the yield of winter oilseed rape by around 5 to 6%. The positive influence of the MSF on taproot development (length and DM content) during autumn growth was visible only in response to a full surface rate of the NPK fertilizer and in the third year of the study which was characterized by below-average precipitation during rosette formation (September-December). In Year 3, the application of the half the standard rate of the NPK fertilizer or the application of the MSF as a substitute for the NPK fertilizer decreased the number of rosette leaves by 6 to 12%, decreased taproot length by 9 to 14%, and decreased taproot weight by 9 to 17%.
In the study by Abit et al. (2016) , the seed yield of winter oilseed rape in Lahoma ranged from 1.05 to 1.75 Mg ha -1 in 2011/2012 and from 0.57 to 2.19 Mg ha -1 in 2012/2013. The highest yield was reported in response to an MSF rate of 34 kg ha -1 DAP. No significant differences in seed yield were observed in 2011/2012, which was attributed to an unusually mild winter and rainy spring. In winter, high temperatures and high soil moisture can accelerate the mineralization of organic matter, thus increasing the availability of N. In 2012/2013, weather conditions were less conducive to plant growth, and significant differences in seed yield were reported. In our study, seed yield peaked (6.04-6.22 Mg ha -1 ) in response to the MSF treatment, regardless of the NPK rate or weather conditions. The application of the MSF delivered yield-forming effects in years with high precipitation and above-average air temperatures during flowering and ripening (Years 1 and 2) and in the year with low precipitation (293 mm) and below-average air temperatures at the flowering declining stage (Year 3).
In the treatments without MSF application (with a full rate of NPK applied before sowing), seed yield decreased by around 0.26 to 0.44 Mg ha -1 . The higher seed yield of winter oilseed rape in response to MSF resulted from a higher number of seeds per silique. The remaining yield components (plants m -2 , seeds silique -1 , and 1000-seed weight) were not significantly influenced by fertilizer application before sowing. Budzyński and Jankowski (2000) , and Wielebski and Wójtowicz (2001) also demonstrated that the application of fertilizers before the sowing of winter oilseed rape increased only the number of siliques per plant (by around 7 and 15%, respectively). In an experiment conducted by Johnston et al. (2002) , localized fertilization exerted a significant influence only on 1000-seed weight, which was lowest (2.91 g) when fertilizer was placed in the seed row. Band and broadcast application of fertilizer increased 1000-seed weight to 3.09 and 3.10 g, respectively. Tahir et al. (2003) found that PK fertilizer applied before sowing increased the number of siliques per plant (by 15%), the number of seeds per silique (by 12%) and 1000-seed weight (by 11%). Cheema et al. (2012) found that the NPK fertilizer applied before sowing improved all yield components, including the number of siliques per plant (increase of 3%), the number of seeds per silique (increase of 20%) and 1000-seed weight (increase of 5%).
In the work of Su et al. (2015) , localized placement of the NPK fertilizer at a depth of 10 cm increased taproot dry weight at the flowering stage by around 1.2 g plant -1 (approximately 34%) and increased shoot dry weight at maturity by around 4.37 Mg ha -1 (approximately 44%) compared with broadcast application. In our study, the application of the MSF significantly increased straw yield (by 9-18%) and decreased root biomass yield (by 21-29%) in winter oilseed rape. The MSF induced a greater increase in straw yield than in seed yield, which led to a minor (but statistically significant) decrease in the harvest index (from 0.401 to 0.380). Winter oilseed rape is characterized by a high yield of vegetative organs, in particular under favorable weather conditions, which often lowers the HI. In the spring cultivars of oilseed rape, where the biomass of vegetative organs is lower than in winter cultivars, fertilization before sowing often increases the HI (Grzebisz, 2011) . In the experiments conducted by Tahir et al. (2003) and Cheema et al. (2012) in Pakistan, PK and NPK fertilizers applied before sowing increased the HI of spring canola by approximately 2%.
cOncLUsIOns
Winter oilseed rape is a species with relatively low levels of frost resistance, which compromises its overwintering success. The overwintering success of winter oilseed rape is correlated with plant habit (size of rosettes) at the end of the growing season. In regions characterized by a significant risk of freeze injury, the main role of autumn (pre-sowing) fertilization of winter oilseed rape is to promote the desirable habit of leaf rosettes. Nutrient deficiencies, in particular in early stages of plant growth, can lead to irreversible changes that often cannot be mitigated even if nutrient supply is adequate in successive stages of development. Fertilizers can be applied locally in the seed zone or in the root zone to increase the availability of nutrients for plants, in particular in early stages of growth. In the present study, localized MSF fertilization stimulated DM accumulation in rosette leaves and contributed to the overwintering success of winter oilseed rape plants. It should be noted that greater overwintering success is the key factor in the production of winter oilseed rape in northern latitudes. Localized fertilizer placement provides roots with easier access to the available nutrients, which can stimulate growth and development, but it can also increase salinity in the root zone and compromise germination capacity and seedling emergence. Micro-granulated fertilizers have low levels of nutrients; therefore, they minimize the risk of soil salinity and uneven seedling emergence. In our study, the MSF applied in the seed zone improved the yield of winter oilseed rape by increasing seed biomass by 0.33 Mg ha -1 and straw biomass by 0.87 Mg ha -1 . The MSF also reduced and, in some cases, eliminated the need for pre-sowing NPK application (30 kg N ha -1 , 35 kg P ha -1 , 100 kg K ha -1 ) without compromising the overwintering success and the yield of winter oilseed rape. The application of the MSF at sowing not only alleviates the adverse effects of extreme weather events on the utilization of nutrients from surface-applied fertilizers, but it also reduces fertilization costs and minimizes environmental hazards.
